We previously reported that delayed treatment with Mito-tempo (MT), a mitochondria-targeted superoxide dismutase mimetic, protects against the early phase of acetaminophen (APAP) hepatotoxicity by inhibiting peroxynitrite formation. However, whether this protection is sustained to the late phase of toxicity is unknown. To investigate the late protection, C57Bl/6J mice were treated with 300 mg/kg APAP followed by 20 mg/kg MT 1.5 h or 3 h later. We found that both MT treatments protected against the late phase of APAP hepatotoxicity at 12 and 24 h. Surprisingly, MT-treated mice demonstrated a significant increase in apoptotic hepatocytes, while the necrotic phenotype was observed almost exclusively in mice treated with APAP alone. In addition, there was a significant increase in caspase-3 activity and cleavage in the livers of MT-treated mice. Immunostaining for active caspase-3 revealed that the positively stained hepatocytes were exclusively in centrilobular areas. Treatment with the pan-caspase inhibitor ZVD-fmk (10 mg/kg) 2 h post-APAP neutralized this caspase activation and provided additional protection against APAP hepatotoxicity. Treatment with N-acetylcysteine, the current standard of care for APAP poisoning, protected but did not induce this apoptotic phenotype. Mechanistically, MT treatment inhibited APAP-induced RIP3 kinase expression, and RIP3-deficient mice showed caspase activation and apoptotic morphology in hepatocytes analogous to MT treatment. These data suggest that while necrosis is the primary cause of cell death after APAP hepatotoxicity, treatment with the antioxidant MT may switch the mode of cell death to secondary apoptosis in some cells. Modulation of mitochondrial oxidative stress and RIP3 kinase expression play critical roles in this switch.
Introduction
Acetaminophen (APAP) overdose causes severe liver injury in both murine models and humans. APAP hepatotoxicity is responsible for more than 70,000 hospitalizations each year and around 50% of cases of acute liver failure in the US and many Western countries Manthripragada et al. 2011) . APAP toxicity is initiated by the cytochrome P450-mediated formation of a reactive electrophile, N-acetyl-p-benzoquinone imine (NAPQI) (Nelson 1990) , which depletes hepatic glutathione (GSH) levels and binds to cellular proteins . However, most critical for the injury process is the formation of protein adducts in mitochondria (Tirmenstein and Nelson 1989; Xie et al. 2015) , which causes impairment of the mitochondrial respiration (Meyers et al. 1988 ) and induces mitochondrial oxidant stress and peroxynitrite formation (Jaeschke 1990; Cover et al. 2005) . The mitochondrial oxidative and nitrosative stress subsequently trigger the opening of the mitochondrial permeability transition pore (MPTP) (Kon et al. 2004; Masubuchi et al. 2005; Ramachandran et al. 2011a, b; LoGuidice and Boelsterli 2011) , nuclear DNA fragmentation (Ray et al. 1990; Lawson et al. 1999) , and finally necrotic cell death (Gujral et al. 2002) .
It has been conclusively demonstrated in numerous studies that cell death following APAP hepatotoxicity occurs almost exclusively via oncotic necrosis rather than apoptosis (Gujral et al. 2002; Jaeschke et al. 2011) . Evidence supporting this includes the typical morphology of cell necrosis in the hepatic centrilobular areas, most notably karyorrhexis, cell swelling and loss of membrane integrity (Jaeschke and Lemasters 2003) . This is further supported by the release of cell contents into the extracellular space and a robust inflammatory response during the toxicity . In addition, caspase-3, the main executioner of apoptosis, is not activated after APAP overdose, and pan-caspase inhibitors do not protect against APAP hepatotoxicity (Lawson et al. 1999; Adams et al. 2001; Gujral et al. 2002; . Intriguingly, some features that were previously considered specific for apoptosis are still noticed during APAP toxicity, such as mitochondrial bax translocation and release of cytochrome C and Smac/DIABLO from mitochondria through bax pores (Adams et al. 2001; Bajt et al. 2008; Du et al. 2016b) . Although the lower ATP levels in the fasted mice were thought to be responsible for the absence of caspase activation and the subsequent caspasemediated apoptotic cell death (Antoine et al. 2009 (Antoine et al. , 2010 , no morphological evidence for apoptosis and no protection with caspase inhibitors were found in fed mice despite their higher ATP levels in the liver . Therefore, the reason why there is no caspase activation and apoptosis despite release of pro-apoptotic mediators from mitochondria is still unknown. Importantly, studies of the mode of APAP-induced cell death in humans also showed evidence for, predominantly, necrosis in human hepatocytes (Xie et al. 2014 ) and in humans (Antoine et al. 2012; McGill et al. 2012) . However, based on plasma biomarkers of caspase-cleaved cytokeratin-18, there appears to be evidence of moderate caspase activation in some patients suggesting that there might be a low degree of apoptosis (Antoine et al. 2012 (Antoine et al. , 2013 . Interestingly, all patients are treated with the standard of care, N-acetylcysteine (NAC). NAC supports the synthesis of GSH, which at these later stages of the toxicity, mainly acts as a scavenger of reactive oxygen and peroxynitrite (Saito et al. 2010) .
We recently reported that Mito-Tempo (MT), a mitochondria-targeted superoxide dismutase mimetic, dramatically reduced APAP-induced mitochondrial oxidant stress and the opening of MPTP, and thus effectively protected the mice against early APAP toxicity (Du et al. 2017) . However, whether the protection by MT is sustained until the late phase of APAP hepatotoxicity is still unknown. It has been well recognized that oxidative stress can dose-dependently affect caspase activation and the mode of cell death. Short and long-term MPTP opening can induce apoptosis and necrosis, respectively (Skulachev 2006; Golbidi et al. 2014) . Therefore, we hypothesized that MT may affect the model of cell death following APAP overdose by modulating mitochondrial oxidative stress and dysfunction. Because one of the primary protective mechanisms of NAC is through the scavenging mitochondrial oxidative stress Bajt et al. 2004; James et al. 2003; Saito et al. 2010) , we further hypothesized that NAC treatment manipulates mitochondrial oxidative stress and may lead to changes in mode of cell death in those patients. Therefore, to explore our hypothesis, we evaluated the effect of MT or NAC treatment following APAP overdose on the late liver injury and mode of cell death together with the underlying mechanisms.
Materials and methods

Animals
Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) 8-12 weeks of age were kept in an environmentally controlled room with a 12 h light/dark cycle. RIP3-deficient mice (C57BL/6N background) were kindly provided by Dr. Vishva Dixit (Genentech, Inc). C57BL/6N wild-type animals were from Charles River, Frederick, Maryland, USA. The mice were acclimated before experiments with free access to diet and water. All experimental protocols followed the criteria of the National Research Council for the care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of the University of Kansas Medical Center.
Experimental design
Overnight-fasted mice (16-18 h) were treated i.p. with 300 mg/kg APAP (Sigma-Aldrich, St. Louis, MO) dissolved in warm saline. Some mice were treated with 200 mg/kg APAP in experiments evaluating effect of RIP3 deficiency.
A dose of 20 mg/kg Mito-Tempo (Sigma-Aldrich) dissolved in saline was administered i.p. 1.5 or 3 h after APAP. Some mice were subsequently treated (i.p.) with 10 mg/kg ZVD fmk (EP1013; a generous gift from Dr. S.X. Cai, Epicept Corp., San Diego, CA) dissolved in Tris-buffered saline or vehicle 2 h after APAP. To mimic the clinical care of APAP-overdose patients, some mice received the antidote NAC (i.p., 500 mg/kg) at 1.5 or 3 h after APAP overdose. Groups of mice were euthanized at 0-24 h post-APAP by exsanguination under isoflurane anesthesia. Additional mice were treated i.p. with 100 µg/kg Salmonella abortus equi endotoxin (ET) and 700 mg/kg galactosamine (Gal) for 6 h. Blood was drawn into a heparinized syringe and centrifuged to obtain plasma. Plasma ALT activities were measured using the ALT assay kit from Pointe Scientific, MI. The liver tissue was cut into pieces and fixed in 10% phosphate-buffered formalin for histology or flash frozen in liquid nitrogen and subsequently stored at − 80 °C.
In vivo morpholino treatment
All vivo-morpholinos were from Gene Tools, LLC (Philomath, OR, USA). The antisense sequence used for RIP3 was 5′-TAG GCC ATA ACT TGA CAG AAG ACA T-3′. The standard control in vivo oligo sequence from Gene Tools was used for all control morpholino treatments. Morpholinos were used as provided by the manufacturer and administered ip to mice (12.5 mg/kg body weight) every 24 h for 2 days. Treatment with APAP was then done on day 3.
Glutathione measurement
Hepatic GSH and GSSG were measured using the Tietze assay with modifications as described . Briefly, frozen liver tissue was homogenized in 3% sulfosalicylic acid and centrifuged to remove precipitated proteins. The sample was then assayed for total GSH using dithionitrobenzoic acid and measured spectrophotometrically at 412 nm. GSSG was measured using the same method after removal of reduced GSH with N-ethylmaleimide.
Caspase activity measurements and western blotting
Liver caspase activity was measured as described (Lawson et al. 1999) . In brief, frozen liver tissue was homogenized in 25 mM HEPES buffer containing 5 mM EDTA, 2 mM DTT and 0.1% CHAPS, and then centrifuged to get the homogenate. A fluorogenic substrate (Ac-DEVD-AFC, Enzo Life Sciences, Plymouth Meeting, PA) was added to the homogenate and fluorescence was measured with or without the presence of pan-caspase inhibitor (z-VAD-fmk, Enzo). The results are expressed as RFU per unit time per mg protein concentration. Western blotting was performed as described ) using a rabbit anti-caspase 3 antibody and a rabbit anti-beta-actin antibody (Cell Signaling Technology, Danvers, MA), and an anti-RIP3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The proteins were visualized using a goat anti-rabbit HRP-conjugated antibody (Santa Cruz Biotechnology Santa Cruz, CA).
Histology
Liver tissue samples embedded in paraffin were cut in 5 µm sections and stained with hematoxylin and eosin (H&E) for assessment of apoptosis vs. necrosis (Gujral et al. 2002) . Nitrotyrosine staining was performed as previously described , using a rabbit polyclonal anti-nitrotyrosine antibody (Life Technologies, Grand Island, NY) and the Dako LSAB peroxidase kit (Dako, Carpinteria, CA). Active caspase-3 staining was performed using a cleaved caspase-3 (Asp175) antibody (Cell Signaling Technology, Danvers, MA). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed for cell death using the In Situ Cell Death Detection Kit, AP (Roche Diagnostics, Indianapolis, IN) following manufacturer's instructions.
Statistics
All results were presented as mean ± SEM. For normally distributed data, statistical significance was evaluated using the Student's t test for comparisons between two groups, or one-way analysis of variance (ANOVA) for multiple groups, followed by Student-Newman-Keul's test. For non-normally distributed data, ANOVA was performed using Kruskal-Wallis Test, followed by Dunn's multiple comparisons. p < 0.05 was considered significant.
Results
Mito-Tempo protects against APAP-induced liver injury
We previously reported that MT as a 1.5 h post-treatment protects against APAP-induced liver injury at 3 and 6 h (Du et al. 2017) . Here, we extended the time course to the later phase of liver injury at 12 and 24 h. APAP overdose (300 mg/kg) induced acute liver injury, as indicated by significantly increased plasma ALT activities ( Fig. 1a) and extensive centrilobular necrosis in H&E-stained liver sections (Fig. 1b) . MT greatly attenuated the increase in ALT activities ( Fig. 1a) and reduced the areas of necrosis at both time points (Fig. 1b) , indicating that the protection by MT is sustained until at least 24 h post-APAP. Interestingly, histopathologic analysis of the liver tissue at high resolution demonstrated a significant increase in cells exhibiting apoptotic morphology in MT-treated mice (most notably cell shrinkage and chromatin condensation), while the necrotic phenotype was observed in animals treated only with APAP (most notably cell vacuolization, cell swelling, and karyorrhexis). As a positive control for apoptosis, animals were treated for 6 h with Gal/ET. At this time, a large number of hepatocytes show characteristic features of apoptotic cell death including cell shrinkage, chromatin condensation and margination, and formation of apoptotic bodies (Fig. 1b , arrows).
Mito-Tempo attenuates APAP-induced mitochondrial peroxynitrite formation
We previously demonstrated that MT alleviates the mitochondrial oxidant stress, especially peroxynitrite formation, during the early liver injury (Du et al. 2017) . During the late phase, the recovery of hepatic GSH levels was improved in MT-treated animals compared with the animals treated with APAP alone (Fig. 2a) but there was no significant difference in the GSSG levels between both groups (data not shown). However, the GSSG-to-GSH ratio was significantly lower in the MT-treated animals at 12 h but not at 24 h (Fig. 2b ). In contrast, the extensive nitrotyrosine protein adduct staining in the centrilobular areas observed in APAP-treated mice as indicator for peroxynitrite formation was almost eliminated in MT-treated mice (Fig. 2c) . This supports the hypothesis that the SOD mimetic MT predominantly prevents peroxynitrite formation and only partially reduces the overall oxidant stress during the later phase of APAP-induced liver injury.
Mito-Tempo induced secondary apoptosis in the late phase of APAP hepatotoxicity
To test whether MT affects the mode of cell death during APAP hepatotoxicity, we assayed for increased caspase-3 enzyme activity and pro-caspase-3 cleavage, which are prerequisites for inducing apoptosis. Gal/ET treatment is well known to induce caspase-mediated apoptosis and liver injury in mice (Jaeschke et al. 1998) , and thus was used as a positive control in our study. As expected, Gal/ET-treated mice displayed a more than 100-fold increase of hepatic caspase-3 activity compared to untreated controls (Fig. 3a) . In addition, cleavage of pro-caspase-3 to the active fragments was also observed (Fig. 3b, top panel, right lane) . In contrast, neither a significant increase in caspase-3 activity nor procaspase-3 processing was detected in APAP-treated mice at either 6 or 24 h post-APAP (Fig. 3a, b) . Interestingly, however, MT treatment significantly increased the caspase activity ( Fig. 3a) and the cleavage of pro-caspase-3, clearly visible after longer exposure of the blots, at 24 h post-APAP (Fig. 3b, middle panel) . Immunostaining for active caspase-3 revealed that individual cells positive for cleaved caspase-3 were exclusively located in the centrilobular areas of animals treated with MT + APAP but not with APAP alone Figure 1) . In the Gal/ET-treated animals, cleaved caspase-3-positive cells were detectable with no zonal preference (Supplemental Figure 1) . In support of these results, only few TUNEL-positive cells as indicator of DNA strand breaks were seen in control tissue (Fig. 4) . However, an exclusive necrotic pattern of TUNEL staining (positive staining of both cytosol and nuclei) was observed in centrilobular hepatocytes in only APAP-treated mice, whereas an apoptotic pattern of staining (distinct nuclear staining) was seen in some hepatocytes in mice with MT treatment (Fig. 4) . A similar apoptotic TUNEL staining pattern was also observed in Gal/ET-treated animals (Fig. 4) . Together, these results indicate that MT dramatically reduced the area of necrosis at both early and late stages of APAP-induced liver injury. However, MT treatment did not completely rescue all hepatocytes but switched APAPinduced cell death from necrosis to secondary apoptosis in some hepatocytes in the centrilobular areas.
Caspase inhibition further protected against APAP hepatotoxicity in Mito-tempo treated mice
To further test the pathophysiological role of secondary apoptosis in MT-treated mice after APAP overdose, liver injury was assessed in mice with or without the additional treatment of a pan-caspase inhibitor. As we expected, neither APAP nor MT caused any caspase activation or cleavage, while both of them were induced in mice treated with a combination of APAP and MT (Fig. 5a, b) . The caspase inhibitor completely blocked APAP + MTinduced caspase activation and cleavage (Fig. 5a, b) . More importantly, the caspase inhibitor further alleviated the remaining liver injury in APAP + MT-treated mice, as indicated by the further decrease in plasma ALT activity (Fig. 6a) and the reduction in cell death in both H&E- (Fig. 6b) and TUNEL-stained liver sections (Fig. 6c) .
Late post-treatment of Mito-Tempo did not induce secondary apoptosis during APAP hepatotoxicity
To test whether MT as a late post-treatment can still induce secondary apoptosis in APAP hepatotoxicity, MT was given at 3 h post-APAP, and mice were euthanized at 12 or 24 h post-APAP. Surprisingly, while MT as a 3 h post-treatment still significantly reduced APAP-induced liver injury at both time points (Fig. 7a) , it did not induce apoptotic morphology in the H&E-stained sections (not shown) or caused any caspase cleavage at either time point (Fig. 7b) . Together with the data in Figs. 5 and 6, this suggests that MT-induced secondary apoptosis during APAP hepatotoxicity occurs only within a certain time window.
N-Acetylcysteine did not induce secondary apoptosis during APAP hepatotoxicity
Although it has been shown that APAP causes necrosis in pathophysiologically relevant human cell culture models (e.g., HepaRG cells and primary mouse/human hepatocytes) (McGill et al. 2011; Xie et al. 2014) , some human studies of APAP-overdose patients reported evidence for the release of caspase-cleaved cytokeratin-18 into the plasma (Antoine et al. 2012 (Antoine et al. , 2013 Thulin et al. 2014) . The reason for the discrepancy between humans and human cell culture models remains unknown. We hypothesized that N-acetylcysteine (NAC) treatment, which is the current standard of care for APAP poisoning, may play a role in this. To mimic the clinical care of APAP-overdose patients, the antidote NAC was given at 1.5 or 3 h after APAP overdose, and mice were euthanized at 24 h post-APAP. Consistent with previous studies (James et al. 2003; Saito et al. 2010 ), NAC as a 1.5 h post-treatment reduced over 95% of the injury, while a 3 h post-treatment provided only marginal protection against APAP toxicity (Fig. 8a, b) . However, treatment with NAC did not induce any caspase enzyme activation or cleavage (Fig. 9a, b) . Histological analysis of the liver sections by TUNEL staining pinpointed very few cells with apoptotic staining pattern in early 1.5 h NAC-treated mice, while it was completely absent in APAP group and the APAP + NAC (3 h) group (Fig. 9c) . In the latter two groups, all TUNEL staining was mainly cytosolic suggesting necrotic cell death consistent with the H&E-stained sections and the high ALT values (Figs. 8a, b, 9c ).
Mito-Tempo induces secondary apoptosis after APAP overdose by inhibition of RIP3
The data so far indicated that early post-treatment (within 90 min) with MT prevented necrotic cell death but induced apoptosis in some hepatocytes. The RIP3 kinase has been identified as an important mediator of necrotic cell death (Li et al. 2012 ), and we have earlier shown significant upregulation of RIP3 after APAP overdose (Ramachandran et al. 2013) . Since RIP3 has also been shown to switch cell death from apoptosis to necrosis (Zhang et al. 2009 ), we investigated whether RIP3 could be a molecular regulator mediating effects seen with MT. Significant elevations in RIP3 protein levels are sustained at 24 h after an APAP overdose, and treatment with MT significantly blunted this increase (Fig. 10a, b) . Interestingly, caspase inhibitor treatment had no significant effect on the blunting of RIP3 induction by MT. This suggests that RIP3 induction is upstream of caspase activation. To directly examine the role of RIP3 in switching necrosis to apoptosis after APAP, experiments were repeated after treatment of mice with a RIP3-morpholino, which significantly decreased RIP3 protein expression (Ramachandran et al. 2013) . While animals treated only with 200 mg/kg APAP showed no evidence of caspase cleavage or activation (Fig. 10c,  d ), those with RIP3 morpholino treatment prior to APAP showed evidence of caspase processing (Fig. 10c) as well as increased caspase 3 activity (Fig. 10d) , though this was much lower than that seen with the positive control, galactosamine/endotoxin. To further examine induction of apoptosis in RIP3-deficient animals, experiments were repeated with RIP3 knockout mice treated with 300 mg/kg APAP, followed by TUNEL staining of liver sections at 6 h. While WT animals treated with APAP showed characteristic TUNEL staining throughout the cell, a number of hepatocytes in RIP3 knockout animals treated with APAP showed distinct staining exclusively in the nucleus (Fig. 11) suggestive of apoptotic cell death. These features were corroborated in animals treated with RIP3-morpholino, where a similar distinct nuclear TUNEL staining was evident (Supplemental Figure 2) .
Discussion
Role of apoptosis in APAP-induced liver injury in mice
It has been well established that APAP overdose exclusively causes oncotic necrosis rather than apoptosis in both in vivo and in vitro models Gujral et al. 2002; Jaeschke et al. 2011; Kon et al. 2004; McGill et al. 2011) . Critical evidence comes from a typical necrotic morphology in the centrilobular areas of the liver during APAP hepatotoxicity, which is characterized by cell vacuolization, cell and organelle swelling, and karyorrhexis (Gujral et al. 2002; Jacob et al. 2007; Jaeschke et al. 2004) . This is also accompanied by an extensive membrane leakage with release of cell contents followed by a robust inflammatory response Jaeschke et al. 2012) . In contrast, the typical histological features of apoptosis, including cell shrinkage, chromatic condensation and formation of apoptotic bodies, are rarely noticeable in APAP toxicity (Gujral et al. 2002) . While extensive caspase activation and dramatic protection by caspase inhibitors are routinely observed in Gal/ET-or Fas-induced hepatic apoptosis Jaeschke et al. 1998; Mignon et al. 1999; Schüngel et al. 2009 ), neither of these biochemical characteristics can be reproduced during APAP hepatotoxicity (Gujral et al. 2002; Lawson et al. 1999; Williams et al. 2010) . Together, these findings strongly support necrosis as the dominant mode of cell death during APAP-induced liver injury in mice and argue against the relevance of apoptosis in the mechanism of toxicity. Interestingly, however, some previously assumed specific parameters of apoptosis, such as mitochondrial bax translocation, mitochondrial cytochrome c release, BH3 interacting domain death agonist (bid) cleavage and DNA strand breaks (TUNEL and DNA ladder) , are all detected during APAP hepatotoxicity (Adams et al. 2001; Bajt et al. 2008; Cover et al. 2005; Lawson et al. 1999; Ray et al. 1990 ). Use of these parameters has led to the assumption in some earlier studies and also more recently that apoptosis is a relevant cell-death mechanism in the toxicity (El-Hassan et al. 2003; Hu et al. 2017; Wang et al. 2018; Zhang et al. 2017) , while in reality none of these parameters is specific for apoptosis, and all of them can also be observed in cell necrosis (Jaeschke et al. 2018; Jaeschke and Lemasters 2003; Grasl-Kraupp et al. 1995) . On the other hand, this also raises the intriguing question "why does APAP cause exclusive necrosis rather than apoptosis despite the appearance of these classical apoptotic parameters?".
The role of apoptosis in APAP-overdose patients
Recent translational studies have used circulating plasma biomarkers to study the mode and mechanisms of cell death following APAP overdose in patients . One commonly used cell death biomarker is cytokeratin-18, an intermediate filament protein, which comprises part of the cytoskeleton. During necrosis, cytokeratin is released in its full-length form and can be measured in the plasma. In contrast, during apoptosis, active caspases cleave cytokeratin into two smaller fragments. Thus, the relative amount of full-length-tocleaved cytokeratin-18 can provide information as to which mode of cell death predominates in a pathophysiology at any given time (Antoine et al. 2012; Eguchi et al. 2014; Weemhoff et al. 2017; . In mice, very little (4%) cleaved cytokeratin-18 compared to the full-length form can be measured in plasma following APAP overdose (Antoine et al. 2009 ). Importantly, Fig. 7 Late post-treatment of MT, while protective, did not induce apoptosis. Mice were treated with 300 mg/kg APAP, and 20 mg/ kg MT or saline was given 3 h later. a Plasma levels of ALT. b Procaspase-3 cleavage in liver homogenate. Bars represent mean values ± SEM for n = 4 mice per group. *p < 0.05 vs. Ctrl.
# p < 0.05 vs. APAP a pan-caspase inhibitor reduced the levels of caspasecleaved cytokeratin-18 but did not reduce the overall liver injury (Antoine et al. 2009 ), supporting the conclusion that necrosis is the primary mode of cell death in mice. In addition, experiments with a metabolically competent human hepatoma cell line (HepaRG) and in primary human hepatocytes showed exclusively necrotic cell death in response to APAP (McGill et al. 2011; Xie et al. 2014) , which was consistent with the lack of caspase-3 activity detectable in serum of APAP-overdose patients . Interestingly, however, cleaved cytokeratin-18 was detected in some APAP-overdose patients, and could even account for up to 20% of the total cytokeratin levels (Antoine et al. 2012 (Antoine et al. , 2013 . Even more, the levels of cleaved cytokeratin on admission correlated with poor outcome of the patients (Possamai et al. 2013) . The reason for some of the discrepancies between humans and mice, especially when using cytokeratin-18, triggered a heated debate in recent years. Antoine et al. (2010) proposed that this might be due to the fact that fasted mice are typically used in APAP toxicity studies, in whom ATP levels are decreased and apoptosis signaling is inhibited. This contrasts to clinical practice where patients are normally in a non-fasted status at the time of overdose and they receive nutritional support upon hospitalization, which may sustain hepatocellular ATP and permit the onset of apoptosis (Possamai et al. 2013 ). This is supported by the findings that minor and transient caspase-3 activation was observed in fed mice after APAP overdose (Antoine et al. 2010 ). However, a follow-up study demonstrated that the transient caspase activation in fed mice is more related to the mouse strain rather than the ATP levels ). More importantly, this minor caspase activation never resulted in noticeable apoptotic cell death and a caspase inhibitor did not protect against the overall cell death . Thus, there is very limited evidence for apoptosis as a primary mode of cell death during APAP-induced liver injury in mice or humans (Jaeschke et al. 2018). 
Apoptosis as a secondary mode of cell death during APAP toxicity
Consistent with all previous reports, we did not observe any morphological evidence for apoptosis, did not detect evidence for caspase activation (enzyme activity and cleavage of the pro-enzyme) and did not find, again, a protection with a caspase inhibitor. Interestingly, however, in animals with drastically reduced cell necrosis due to treatment with MT, there was clear evidence for individual cells with apoptotic morphology, selective nuclear TUNEL staining typical for apoptosis and a moderate increase of caspase-3 enzyme activity with cleavage to the active fragment. Importantly, a caspase inhibitor prevented these effects and caused an overall additive protection with MT. These data suggest that although most hepatocytes are effectively protected against It is well known that APAP overdose triggers a mitochondrial oxidant stress through enhanced electron leakage from the electron transport chain (Du et al. 2016a) . Superoxide anion radicals, the first product being formed can react in 2 ways: (a) it can rapidly combine with the radical nitric oxide to form peroxynitrite, a potent oxidant and nitrating species, or (b) it can dismutate, facilitated by SOD2, to form oxygen and hydrogen peroxide, which can be reduced to water by glutathione peroxidase. Previous studies have provided evidence that peroxynitrite is the most relevant oxidant for APAP toxicity (Cover et al. 2005; . This is the reason why the mitochondria-targeted SOD mimetic MT is highly protective (Du et al. 2017) . MT promotes superoxide dismutation and prevents peroxynitrite formation as shown by the dramatic reduction of nitrotyrosine adducts in the liver of MT-treated animals. As a result, MT effectively prevents mitochondrial dysfunction as indicated by the reduced release of intermembrane proteins such as endonuclease G, apoptosis inducing factor (AIF), and Smac, some of which translocate to the nucleus and cause DNA fragmentation (Du et al. 2017) . However, MT treatment does not eliminate the oxidant stress as can be seen by the very high levels of GSSG. This means, that although the formation of the most aggressive oxidant is prevented by MT, there is still some oxidant stress in these cells, which may promote apoptosis. In support of this hypothesis, it has been long recognized that oxidative stress causes dosedependent cell death (Sen and Roy 2001) . This is consistent with previous findings where a low dose of oxidant stress (e.g., H 2 O 2 ) induced caspase activation and caused apoptosis in Jurkat T cells while a high dose of it inactivated caspases and switched the mode of cell death from apoptosis to necrosis (Hampton and Orrenius 1997; Borutaite and Brown 2001) . In line with these findings, it was previously shown that when APAP-induced necrosis of cultured hepatocytes is inhibited by glycine and fructose, apoptotic cell death develops several hours later (Kon et al. 2004 ). This again shows that if a cell death mechanism is inhibited, in this case the MPTP formation is prevented, the upstream stress (protein adducts, initial oxidant stress) is still present and can eventually lead to cell death. This suggests that although an intervention can reduce the overall cell injury, the residual 1 3 stress may trigger limited apoptosis. This concept is also supported by a recent report that GSH treatment reduces mitochondrial ROS and damage and thus shifts cell death from necrosis to apoptosis in hearts of ageing diabetic mice during exercise (Golbidi et al. 2014) . However, despite the mounting evidence for the occurrence of secondary apoptosis when mechanisms of necrotic cell death are inhibited, we observed that MT can only trigger this effect within a limited time frame. Late post-treatment still attenuated the overall injury but the remaining cell death was still necrosis. This suggests that the extent of the residual stress in each cell will determine whether the cell dies by apoptosis or necrosis.
Although protection with MT triggered limited apoptotic cell death after APAP overdose, NAC protected effectively when treated at 1.5 h but not anymore when given at 3 h after APAP. These data are consistent with previous reports (James et al. 2003; Saito et al. 2010 ). However, no evidence for apoptotic cell death was found with NAC treatment. The reason for this discrepancy might be that NAC has multiple modes of action. The GSH synthesized from NAC can assist in scavenging any residual NAPQI being formed (Corcoran et al. 1985) , can directly scavenge peroxynitrite and help in detoxifying H 2 O 2 through glutathione peroxidase in the mitochondria, and degradation of the NAC surplus supports the mitochondrial bioenergetics (Saito et al. 2010 ). This makes NAC more versatile; however, the fact that it requires GSH synthesis and transport into mitochondria may also limit the therapeutic window. Nevertheless, although MT effectively prevents peroxynitrite formation, MT shifts some of the superoxide more toward hydrogen peroxide, which could be responsible for the secondary apoptosis described here. This effect needs to be kinase knockout mice sacrificed at 6 h post-APAP. The lower panels on the right are magnified views of the area in boxes on the left considered as potential side-effect for SOD mimetics that are currently under clinical evaluation (Dear et al. 2017 ).
Mechanisms of apoptosis induction during APAP hepatotoxicity
So how did post-treatment with MT shift the mode of cell death from necrosis to apoptosis in some hepatocytes? Recent studies have illuminated the role of RIP3 kinase in mediating programmed necrosis, where RIP3 kinase forms part of the necrosome complex, necessary for cellular signaling during this mode of cell death (Li et al. 2012) . RIP3K has been suggested to switch the mode of cell death from apoptosis to necrosis (Zhang et al. 2009 ) and we have earlier demonstrated that RIP3 protein levels and mRNA were significantly elevated after APAP overdose, and inhibition of RIP3 provides early protection against APAP-induced hepatotoxicity (Ramachandran et al. 2013) . These studies were corroborated by a number of investigators showing elevations in RIP3 subsequent to APAP overdose (Deutsch et al. 2015; Horng et al. 2017; Lu et al. 2017) as well as protection against APAP-induced liver injury by blockade of RIP3 (Deutsch et al. 2015; Li et al. 2014 ). In spite of these studies, and the fact that RIP3 has also been shown to be upregulated in the liver in chronic ethanol feeding, and mice lacking RIP3 protected against liver injury (Roychowdhury et al. 2013) , one group was unable to detect RIP3 expression in the liver and have questioned the relevance of the protein (Dara et al. 2015) . In addition to protection against liver injury, we also observed that inhibition of RIP3 prevented mitochondrial dysfunction and release of mitochondrial proteins such as AIF and endonuclease G into the cytosol (Ramachandran et al. 2013) . RIP3 was also shown to regulate TNF-induced reactive oxygen species production, which facilitated RIP3's ability to promote necrosis (Zhang et al. 2009 ). The data with MT now seem to suggest that the relationship between mitochondrial oxidative stress/dysfunction and RIP3 activation is reciprocal, with scavenging of mitochondrial radicals with MT blocking APAP-induced RIP3 induction. The role of RIP3 inhibition in switching hepatocytes to an apoptotic mode of cell death was confirmed by the experiments with direct knockdown of RIP3, which showed effects similar to that observed with MT, namely pro-caspase cleavage, increases in caspase activity and cells with apoptotic morphology. It has to be noted, however, that these changes were relatively minor when compared to the positive control galactosamine/endotoxin, again emphasizing that APAP-induced cell death under normal conditions is predominantly necrosis. All these data suggest that RIP3 kinase is the molecular mediator switching APAP-induced necrotic cell to apoptosis in cells where mitochondrial oxidant stress was blocked.
In conclusion, while the predominant mode of cell death after APAP overdose is necrosis, this seems to be dictated by activation of the RIP3 kinase, and interference with this signaling seems to be capable of switching the mode of cell death, at least in some hepatocytes, to apoptosis. These effects are intricately dictated by mitochondrial events, and their modulation can thus influence mode of cell death.
